Hydroxyapatite is one of main inorganic constituents of human bones and teeth. It is widely used as a biomaterial due to its great bioactivity and biocompatibility. The hydroxyapatite crystals have two kinds of crystal axes: an a(b)-axis and a c-axis. There are some advantages in the hydroxyapatite crystals with an a(b)-axis orientation. In recent years, a synthesis method has been reported for plate-shaped hydroxyapatite powders with an a(b)-axis orientation. However, the Ca/P molar ratio of the synthesized powders was lower than that of hydroxyapatite with stoichiometric composition. For this reason, they were thermally decomposed into β-tricalcium phosphate over 700°C. In order to solve the problem, we utilized dissolution-deposition reactions caused by hydrothermal treatment. In this study, the hydrothermal treatment was performed with variation of two hydrothermal conditions: Ca 2+ ion concentration and hydrothermal temperature. Furthermore, we examined a thermal stability by heating the hydrothermaltreated powders at 1000°C for 1 h. When the synthesized powders were hydrothermally treated at 180°C for 2.5 h in a calcium chloride solution (1.0 mol•dm
Introduction
Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ; HAp) is one of constituent compounds of human bones and teeth [1, 2] . HAp has a good bioactivity and biocompatibility. Therefore, it is widely used as a biomaterial [3] . Its crystal structure belongs to hexagonal system and has two kinds of crystal planes: a-planes with positive charge and c-planes with negative charge [4] [5] [6] . Thus, it is also utilized as an adsorbent for chromatography [7] .
The crystal axes of HAp crystals consist of an a(b)-axis and a c-axis [8] . Crystal growth along the a(b)-axis results in HAp crystals with a plate-shaped morphology ( Figure 1 ). The HAp crystals with the a(b)-axis orientation have large c-planes, described as a miller index of (00l). Hence, they acquire specific adsorption property for basic proteins. Similarly, the HAp crystals with the c-axis orientation acquire specific adsorption property for acidic proteins. In addition, the HAp crystals in long bones of humans and animals have the c-axis orientation, whereas those in tooth enamel of humans and animals have the a(b)-axis orientation [9, 10] . It still has not been revealed that why the biological HAp has such a difference. With the aim of solving the question, textured HAp ceramics are required as a model for human long bones and tooth enamel. Therefore, it is important to impart different orientations to the HAp crystals.
Until now, many studies have been reported about a synthesis method for fiber-shaped HAp powders with the c-axis orientation. Aizawa et al. [11, 12] prepared the HAp fibers with well-controlled Ca/P molar ratio using a homogeneous precipitation process. Yoshimura et al. [13] and Zhu et al. [14] reported that the HAp fibers can be produced with a hydrothermal process. Zhang et al. [15, 16] synthesized the HAp fibers by combining a homogeneous precipitation process and a hydrothermal process. On the other hand, there are only a few reports about a synthesis method for plateshaped HAp powders with the a(b)-axis orientation. Ban et al. [17, 18] prepared the plate-shaped HAp powders on titanium substrates using an electrochemical process (not powder synthesis). Yamamoto et al. [19] reported that the plate-shaped HAp powders can be produced by a homogeneous precipitation process involving hydrolysis reactions of urea with urease. However, the resulting powders were discovered to be polycrystals. Some researchers reported that "single crystal" platelets with hexagonal shapes could be synthesized at the air-liquid, liquid-liquid and solid-liquid interfaces [20] [21] [22] [23] . Based on the reports, Zhuang et al. [24] succeeded in synthesizing HAp powders by utilizing air-liquid interfaces of a reaction solution. In a scanning electron microscope (SEM) image, the resulting powders had a hexagonal plate-shaped morphology. In addition, observations using a transmission electron microscope illustrated that the resulting powders were single crystal. However, the resulting powders were found to be Ca-deficient Hap and thermally decomposed into β-tricalcium phosphate (β-Ca 3 (PO 4 ) 2 ; β-TCP) over 700°C due to their nonstoichiometric composition.
In order to solve the above problem, we performed the control of the Ca/P molar ratio of the Ca-deficient HAp powders with hexagonal shapes via hydrothermal reactions route. The hydrothermal reactions have been utilized for preparing various nanomaterials and surface modifications [25] . Furthermore, the HAp crystals are repeatedly dissolved and deposited, when hydrothermally reacting in a solution. Utilizing the dissolution-deposition reactions makes it possible to increase Ca/P molar ratio of the single crystal plateshaped HAp powders, because Ca-deficient HAp crystals dissolve and stoichiometric HAp crystals deposit. In this study, the single crystal plate-shaped HAp powders were hydrothermally treated with variation of two parameters: Ca 2+ ion concentration and hydrothermal temperature to characterize their powder properties. Moreover, we examined a thermal stability of the hydrothermal-treated powders.
Materials and Methods

Preparation of the plate-shaped HAp powders with an a(b)-axis orientation
The single crystal plate-shaped HAp powders were synthesized by air-liquid interface process [24] . Briefly speaking, a 500 cm 3 solution of 3.0 mmol•dm -3 phosphoric acid (H 3 PO 4 ; Wako Pure Chemical Industries, Ltd., Japan) was dripped into a 500 cm 3 solution of 5.0 mmol•dm -3 calcium carbonate (CaCO 3 ; Wako Pure Chemical Industries, Ltd., Japan) and 1.0 mol•dm -3 urea ((NH 2 ) 2 CO; Wako Pure Chemical Industries, Ltd., Japan). The dripping rate was 6 cm3•min -1 . After stirring the mixed solution for 2 h, a nitric acid solution (HNO 3 ; Wako Pure Chemical Industries, Ltd., Japan) was added to adjust a pH value of the solution to 3.0. Next, the solution was agitated for 2 h again. Finally, a 2.734 cm 3 solution of 0.1 mass% urease (from Jack Bean, Wako Pure Chemical Industries, Ltd., Japan) was added, and the solution was stirred for 15 min. After dispensing the starting solution (120 cm 3 ) in a glass petri dish (116 mm), it was heated in an incubator (SIW-300, AS ONE, Co., Japan) at 50°C for 96 h. Hydrolysis reactions of urea (substance) proceed on the co-presence of urease (enzyme) in the first step, and thenthe pH value of the reaction solution increases to become basic [19] .Finally, white products were obtained at air-liquid interfaces of the reaction solution. They were collected and dried at 110°C for 24 h.
Control of the Ca/P molar ratio of the plate-shaped HAp powders by the hydrothermal treatment
In order to increase the Ca/P molar ratio of the single crystal plate-shaped HAp powders, the hydrothermal treatment was carried out. 0.03 g of the synthesized powder was put in a hydrothermal device (TVS-1, TAIATSU TECHNO, Co., Japan) along with a 10 cm 3 calcium chloride (CaCl 2 ; Wako Pure Chemical Industries, Ltd., Japan) solution. Ultrapure water was used as a "solution of 0 mol•dm CaCl 2 ".An inner cylinder made of polytetrafluoroethylene was used as a container. Finally, the hydrothermal device was heated in an oil bath (HBR 4 digital, IKA-Werke, GmbH and Co.KG, Germany). After cooling the hydrothermal device to room temperature by the water, the hydrothermal-treated powders were collected and dried at 110°C for 24 h. For the purpose of determining optimal hydrothermal conditions, two kinds of parameters were varied, described in Table 1 .
Characterization of the plate-shaped HAp powders
Crystal phases of the powders were identified by an X-ray diffraction (XRD) device (MiniFlex, Rigaku, Co., Japan) using a Cu-Kα radiation at 30 kV and 15 mA. The XRD data were collected under following conditions: 2θ range of 3-60°, scanning rate of 2°•min -1 and sampling width of 0.02°. The identification of the XRD peaks was carried out with a database of International Centre for Diffraction Data (ICDD; HAp: #00-009-432, OCP: #00-026-1056). Functional groups of the powders were investigated using a fourier transform infrared (FT-IR) spectroscope (IRPrestage-21, SHIMADZU Co., Japan). The FT-IR data were collected under conditions below: measurement mode of %Transmittance, apodization function of Happ-Genzel, wavenumber range of 400-4000 cm -1 , resolution of 4.0 cm -1 and cumulative number of 40 times. The investigation of the functional groups was performed by a potassium bromide pellet method. Particle morphologies of the powders were observed using a SEM (JSM-6390LA, JEOL, Ltd., Japan) with an accelerating voltage of 10 kV. Platinum coating was carried out on the powder surfaces before observing. Ca and P contents of the powders were determined by an inductively-coupled plasma atomic emission spectrometer (ICP-AES; SPS7800, Hitachi High-Tech Science, Co., Japan), and the Ca/P molar ratio of those was calculated. The determination of the atomic contents was performed under following conditions: radio-frequency output of 1.2 kW, measured Ca wavelength of 317.993 nm, measured P wavelength of 213.618 nm, integration time of 5 sec and integration number of 10 times.
Thermal stability of the hydrothermal-treated HAp powders
We examined effects of the Ca/P molar ratio of the plate-shaped HAp powders on their thermal stability. The synthesized powders and the hydrothermal-treated powders with variation of the hydrothermal temperature were heated in an electric furnace (KBF314N, Koyo Thermo Systems, Co., Ltd., Japan) at 1000 °C for 1 h in air. The heating rate was 10 °C•min-1. In addition to the evaluations using the XRD device, the FT-IR spectroscope, the SEM and the ICP-AES, ratio of a HAp phase of the heated powders was calculated by a reference intensity ratio method on the basis of their powder XRD patterns using related peaks in the ICDD database (HAp: #01-072-1243, β-TCP: #01-072-7587).
Results and Discussion
Characterization of the synthesized powders
The powder XRD pattern, the FT-IR spectrum and the SEM image of the synthesized powders are shown in Figure 2 . The synthesized powders were hexagonal HAp platelets with the a(b)-axis orientation. However, they were of HAp and octacalcium phosphate (Ca 8 (PO 4 ) 4 (HPO 4 ) 2 •5H 2 O; OCP) bi-phases. For this reason, the Ca/P molar ratio of the synthesized powders was 1.39, although that of stoichiometric HAp is about 1.67.
Determination of the Ca
2+ ion concentration for the plate-shaped HAp powders with well-controlled Ca/P molar ratio This experiment was designed to clarify effects of the Ca 2+ ion concentration on the preparation of the plate-shaped HAp powders with well-controlled Ca/P molar ratio. Figure 3 shows the powder XRD patterns of the hydrothermal-treated powders. Regardless of the Ca 2+ ion concentration, they were of an HAp single phase due to conversion of the OCP phase. As shown in Figure 4 , there was no difference between the spectrum of the synthesized powders and the spectra of the hydrothermal-treated powders. In the SEM images, the hydrothermal-treated powder particles exhibited a slightly broken morphology irrespective of the Ca 2+ ion concentration ( Figure 5 ). Table  2 listed the Ca/P molar ratio of the hydrothermal-treated powders. It was fairly close to 1.67 at the high Ca 2+ ion concentration. From the above, the Ca 2+ ion concentration of 1.0 mol•dm -3 was the optimal condition in the range of examination of this study.
As shown in Figure 3 , the peaks assigned to a HAp phase became stronger after the hydrothermal treatment (especially in the 2θ range of 31-33°) As stated above, the HAp crystals are repeatedly dissolved and deposited during the hydrothermal reactions. At the same time, the conversion of the OCP phase to the HAp phase also occurred. Hence, it is thought that the peaks were strengthened by the HAp crystals newly formed in the process of the hydrothermal reactions. Though the OCP crystals were converted to the HAp crystals by the hydrothermal reactions, a band at 950 cm -1 assigned to hydrogen phosphate (HPO 4 2-) ions was still detected (Figure 4 ). At first, HPO 4 2-ions generated from the OCP crystals may be dissociated into H+ ions and phosphate (PO 4 3-) ions, and then the generated PO 4 3-ions may be consumed to form the HAp crystals. However, the hydrothermal solution is expected to become acidicdue to the generated H+ ions. In fact, a pH value of the solution decreased to 3 or less at the end point. Then, it is assumed that the dissociation reaction of the HPO 4 2-ions gradually stopped proceeding. As these remained HPO 4 2-ions were As the hydrothermal reactions take place under high pressure conditions, the particle morphologies of the plate-shaped HAp crystals were slightly broken due to collision between the particles ( Figure 5 ). As a result, the plate-shaped HAp crystals certainly became smaller. However, small fragments of the plate-shaped HAp crystals also have a plate-shaped morphology. For this reason, we considered that the adverse effect of the hydrothermal treatment on the particle morphologies of the plate-shaped HAp crystals is not significant.
Effect of the hydrothermal temperature on the preparation of the plate-shaped HAp powders with well-controlled Ca/P molar ratio This experiment was designed to reveal effects of the hydrothermal temperature on the preparation of the plate-shaped HAp powders with well-controlled Ca/P molar ratio. The powder XRD patterns, the FT-IR spectra and the SEM images of the hydrothermal-treated powders are shown in Figure 6 , 7 and 8, respectively. These results were the same as those obtained in the section 3-2. As listed in Table  3 , the Ca/P molar ratio of the hydrothermal-treated powders became closer to 1.67 with increasing the hydrothermal temperature. Thus, the hydrothermal temperature of 180°C was the best condition in the range of examination of this study.
With raising the hydrothermal temperature, the Ca/P molar ratio of the plate-shaped HAp powders became closer to 1.67 (Table 3) . As mentioned above, the dissociation of the HPO 4 2-ions occurred in the process of the deposition of the HAp crystals. It is considered that the dissociation reaction proceeds further, as the hydrothermal temperature becomes higher. In other words, the higher the hydrothermal temperature is, the less the HPO 4 2-ions are in the solution with Ca 2+ ions. As a result, the hydrothermal temperature of 180°C was the best for preparing the plate-shaped HAp powders with stoichiometric Ca/P molar ratio close to 1.67 in the examined experimental conditions. In addition to these hydrothermal conditions: the Ca 2+ ion concentration and the hydrothermal temperature, an optimal parameter of hydrothermal time was also examined. The synthesized powders were hydrothermally treated at 180°C for 0.5, 2.5, 5, 7.5, 10 h in a solution of 1.0 mol•dm -3 CaCl
2
.
Results of the powder XRD patterns, the FT-IR spectra and SEM images were the same as those obtained in the section 3-2. However, the Ca/P molar ratio of the hydrothermal-treated powders was roughly constant at about 1.64 above 5 h. The hydrothermal time of 0.5 h is the best condition for simplicity of the experiment, while that of 5 h is the best condition for increasing degree of the Ca/P molar ratio. Finally, we decided that the hydrothermal time of 2.5 h was the optimal condition, which was between 0.5 h and 5 h.
Thermal stability of the synthesized and hydrothermal-treated plate-shaped HAp powders Figure 9 shows the powder XRD patterns of the heated powders. The synthesized powders after heating were of a β-TCP single phase. Regardless of the hydrothermal temperature, the hydrothermaltreated powders after heating were of HAp and β-TCP bi-phases. The ratio of the HAp phase in the heated powders was listed in Table 4 . The closer the Ca/P molar ratio of the hydrothermal-treated powders was to 1.67, the higher the ratio of the HAp phase was in those powders after heating. The FT-IR spectra of the heated powders are shown in Figure 10 . In the spectrum of the synthesized powders after heating, a band at 3550 cm -1 assigned to hydroxide ions disappeared due to decomposition of the whole HAp crystals. Furthermore, an unknown band appeared at 950 cm-1 in the synthesized powders and at 650 cm-1 in the hydrothermal-treated powders after heating. These bands may be assigned to theP-O-P bonding in the diphosphate (P 2 O 7 4-) ions [26, 27] . Figure 11 shows the SEM images of the heated powders. The synthesized powders exhibited a completely broken morphology after heating. Moreover, the high Ca/P molar ratio of the hydrothermaltreated powders tended to maintain their plate-shaped morphology after heating. As listed in Table 5 , there was only a marginal difference between the Ca/P molar ratio of the plate-shaped HAp powders before and after heating. From the above, increasing the Ca/P molar ratio of the plate-shaped HAp powders is effective for preventing their decomposition and morphological change after heating.
Conclusion
In order to increase the Ca/P molar ratio of the Ca-deficient plate-shaped HAp powders, the hydrothermal treatment was carried out. The Ca/P molar ratio of the plate-shaped HAp powders could be controlled in the range from 1.38 to 1.64 by the hydrothermal treatment. In particular, the Ca/P molar ratio of the plate-shaped HAp powders was raised the most using the hydrothermal conditions as follows: Ca 2+ ion concentration of 1.0 mol•dm Table 5 : Ca/P molar ratio of the synthesized and hydrothermal-treated powders after heating at 1000°C for 1 h.
